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Introduction. -Diamondoids [1] are tiny diamondlike cages with hydrogen terminations which can assume different sizes and are prone to various chemical modifications [2] . In a recent theoretical study [3] , we proposed derivatives of the lower diamondoids [4] as novel efficient nanodetectors for DNA. Accordingly, diamondoid derivatives can be used to functionalize a sequencing device, such as a nanopore, and to read out the genetic information within DNA. Nevertheless, it is also very critical for a DNA sequencing technique not only to detect the nucleobases, but also to identify epigenetic markers [5] and mutations [6] in a DNA molecule, which are possibly indicators of genetically based diseases. Along these lines, our aim is to investigate whether a small diamondoid derivative would also be effective in distinguishing between modified and canonical nucleobases. Any small difference in the electronic band-gap of these nucleobases is expected to result in a distinguishable electronic tunnelling current [5, 7] . Accordingly, we study the bonding and electronic properties of modified (mutated or epigenetic markers) nucleobases with a small diamondoid derivative. For the latter we use rimantadine (rim) which has one of its carbon atoms substituted by an ethanamine group and can thereby offer acceptor sites and bond to the nucleobases. We have already shown, that this molecule is a very good candidate for distinguishing among canonical nucleobases (a) E-mail: mfyta@icp.uni-stuttgart.de (corresponding author) and could thereby be used as a functionalization molecule on a biosensing device [3] . Based on this finding, rimantadine is chosen here to form hydrogen-bonded complexes with modified nucleobases and its efficiency in sensing these modified nucleobases is discussed. As representatives of modified nucleobases for our analysis we use an epigenetic marker, 5-methyl-cytosine (5-mC) [8] and a mutated guanine nucleobase, 8-oxoguanine (8-OG) [9] . Their structure, as well as that of rimantadine, are shown in table 1.
Results and discussion. -In order to probe the efficiency of the small diamondoid derivative, rimantadine, in distinguishing among modified and canonical DNA nucleobases, we focus on the hydrogen bond energy (association energy) of the rim-mutated nucleobase complexes, as well as their electronic properties. As representative quantities for the latter we choose the electronic density of states (eDOS) and the frontier orbitals, the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) for the rimantadine/modified nucleobase complexes. The electronic band-gap discussed in the following is taken as the HOMO-LUMO gap, i.e. the energy difference between the HOMO and LUMO states. These properties are then compared with the respective results for the rimantadine/canonical nucleobase complexes taken from our previous study [3] . These are denoted as rim-C and rim-G corresponding to a rimantadine Ganesh Sivaraman and Maria Fyta 
8-oxoguanine
5-methyl-cytosine rimantadine molecule hydrogen bonded to the canonical cytosine (C) and guanine (G) nucleobases, respectively. We first observe a difference in the association energies of all complexes. This energy is −11.94 kcal/mol for the rim/5-mC and −11.33 kcal/mol for the rim/C complexes. Similarly, for rim/8-OG and rim-G, the respective energies are −12.366 kcal/mol and −10.290 kcal/mol. These results clearly indicate that the hydrogen bonds of the mutated bases to the diamondoid probe are stronger than in the diamondoid complexes with the canonical bases C and G. This could be interpreted in a longer lifetime of the hydrogen bonds in the modified (mutated and epigenetic marker) complexes, allowing for longer and more stable read-outs.
Turning to the eDOS of the mutated complexes, for which the results are shown in fig. 1 , we observe that the electronic band-gaps of the isolated 5-mC and 8-OG, as well as the respective complexes are smaller than the band-gap of rimantadine. The modified nucleobases apparently introduce electronic states in the band-gap of the isolated diamondoid. The band-gaps for the isolated rimantadine, canonical C, and canonical G nucleobases are 5.719 eV, 3.519 eV, and 3.699 eV, respectively. A comparison of the electronic band-gaps of the canonical and modified diamondoid/nucleobase complexes reveals the following trends: The electronic band-gap for the rim/C and rim/5-mC complexes are 3.164 eV and 3.258 eV, respectively, denoting a difference of 0.094 eV. Similarly, the band-gap for the rim/G and rim/8-OG complexes are 3.808 eV and 3.238 eV, respectively, denoting a difference of 0.57 eV. Accordingly, we can argue that rimantadine can efficiently separate canonical from mutated nucleobases and epigenetic markers.
The differences in the eDOS and the band-gaps can be justified through the frontier orbitals, HOMO and LUMO, of the rimantadine/mutated nucleobase complexes depicted in fig. 1 . Inspection of this figure reveals that the rim-5-mC complex is being stabilised by the attraction between the HOMO level of the diamondoid with the LUMO level of the methylated cytosine (5-mC), according to the frontier molecular orbital theory. On the other hand, in the rim/8-OG complex, only the frontier orbitals of the 8-oxoguanine are involved in the hydrogen bonding to the diamondoid, as neither the HOMO nor the LUMO is located on rimantadine in this case. These variations link directly to differences in the bonding within each complex, which denote different transport pathways for the electrons, potentially detectable through electronic means.
Conclusions. -Using quantum-mechanical calculations, we were able to manifest the ability of a small diamondoid derivative to distinguish between canonical, mutated nucleobases, and epigenetic markers. The strength of the hydrogen bond in these cases differs, leading to a difference in the electronic band-gaps of the canonical and mutated complexes. Comparison of these complexes indicates a band-gap difference of up to almost 0.6 eV. The small difference of 0.2 eV between the rim/5-mC and rim/8-OG complexes can be improved by using other modified diamondoids as probes. Our results strongly indicate that diamondoid derivatives functionalizing a biosensing device could distinguish between modified and canonical DNA units and characterize epigenetic diseases. It is expected that transport measurements across such a device will also result in distinguishable tunneling currents for the canonical, mutated nucleobases, and epigenetic markers. Work along these lines is underway.
Methodological section. -Our results are derived through density functional theory (DFT) based simulations using the code SIESTA [10] . Norm-conserving Troullier-Martin pseudopotentials [11] and a split valence triple-zeta polarized basis set [12] were used. A mesh cutoff parameter (which corresponds to the fineness of the real-space grid) of 250 Ry has been found to be optimal for the calculations. In order to model the exchangecorrelation the VDW-DF2 [13] functional was used. The geometry optimization was performed using the conjugate gradient algorithm and the structure was relaxed until the forces acting on the atoms were lower than 0.04 eV/Å. The pseudopotentials, the basis set, and the VDW-DF2 Diamondoids as DNA methylation and mutation probes functional were benchmarked with respect to the geometry and binding energy of adenine-thymine Watson-Crick base pairs [14] . * * *
